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ABSTRACT

Elevated apolipoprotein E (apoE) synthesis within crushed sci-
atic nerves advocates that apoE could benefit axonal repair and
reconstruction of axonal and myelin membranes. We created
an apoE-mimetic peptide, COG112 (acetyl-RQIKIWFQNRRMK-
WKKCLRVRLASHLRKLRKRLL-amide), and found that postin-
jury treatment with COG112 significantly improved recovery of
motor and sensory function following sciatic nerve crush in
C57BL/6 mice. Morphometric analysis of injured sciatic nerves
revealed that COG112 promoted axonal regrowth after 2 weeks
of treatment. More strikingly, the thickness of myelin sheaths
was increased by COG112 treatment. Consistent with these
histological findings, COG112 potently elevated growth asso-
ciated protein 43 (GAP-43) and peripheral myelin protein zero

(P0), which are markers of axon regeneration and remyelination,
respectively. Electron microscopic examination further sug-
gested that the apoE-mimetic COG112 may increase clearance
of myelin debris. Schwann cell uptake of cholesterol-containing
low-density lipoprotein particles was selectively enhanced by
COG112 treatment in a Schwann cell line S16. Moreover,
COG112 significantly promoted axon elongation in primary dor-
sal root ganglion cultures from rat pups. Considering that cho-
lesterol and lipids are needed for reconstructing myelin sheaths
and axon extension, these data support a hypothesis where
supplementation with exogenous apoE-mimetics such as
COG112 may be a promising strategy for restoring lost func-
tional and structural elements following nerve injury.

Apolipoproteins have been implicated in the salvage and
reutilization of myelin-derived cholesterol and lipids during
Wallerian degeneration, subsequent nerve regeneration, and
remyelination following peripheral nerve injuries (Skene and
Shooter, 1983). Specifically, apolipoprotein E (APOE, gene;
apokE, protein) was the most up-regulated protein after sci-
atic nerve crush, increasing several hundredfold (Ignatius et
al., 1986) and then declining once regeneration is complete
(Skene and Shooter, 1983). Macrophages that migrate into
the injured tissue synthesize much of this apoE, which is
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released together with cholesterol and lipids derived from the
degenerating myelin as a complex of cholesterol and apoE-
containing lipoproteins. These lipoprotein particles are then
taken up by low-density lipoprotein (LDL) receptors on the
surface of Schwann cells (Mahley, 1988). All of these findings
pointed to a significant role for apoE in neuroregeneration
and remyelination. In support of this idea, enhanced neurite
extension was observed upon the addition of apoE to rabbit
dorsal root ganglion (DRG) cells cultured in vitro (Handel-
mann et al., 1992). Thus, strategies to stimulate the endog-
enous expression of apoE or the addition of an exogenous
supply of reagents mimicking the function of apoE may prove
to be beneficial in repairing damaged nerves.

There are three common isoforms of APOE in human pop-
ulations, namely, APOE2, 3, and 4. In the last two decades,
the APOE4 allele was found to be a susceptibility factor for
approximately 50% of all sporadic Alzheimer’s disease

ABBREVIATIONS: Antp, antennapedia; apoE, apolipoprotein E; DRG, dorsal root ganglion; GAP-43, growth-associated protein 43; LDL,
low-density lipoprotein; LPS, lipopolysaccharide; LRP, low-density lipoprotein receptor-related protein; MS, multiple sclerosis; NGF, nerve
growth factor; NO, nitric oxide; PO, peripheral myelin protein zero; PTD, protein transduction domain; SFl, sciatic functional index; TNF-q,
tumor necrosis factor-«; TBI, traumatic brain injury; Fmoc, 9-fluorenylmethoxycarbonyl; PCR, polymerase chain reaction; ANOVA, analysis
of variance; FBS, fetal bovine serum; PBS, phosphate-buffered saline; DMEM, Dulbecco’s modified Eagle’s medium; Dil, 3,3'-dioctade-
cylindocarbocyanine; IT, immediate treatment; DT, delayed treatment; COG112, (acetyl-RQIKIWFQNRRMKWKKCLRVRLASHLRKLRKRLL-
amide); COG133, acetyl-LRVRLASHLRKLRKRLL-amide; COG112-DT, delayed treatment with COG112; COG112-IT, immediate treatment

with COG112.
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(Corder et al., 1993). The presence of APOE4 also contributes
to a poor clinical outcome in patients with stroke and trau-
matic brain injury (TBI) and multiple sclerosis (MS) com-
pared with its APOE3 counterpart (Corder et al., 1993; Chap-
man et al., 2001; Laskowitz and Vitek, 2007).

The difference between APOE3 and APOE4 in pathogene-
sis of neurological disorders might be related with their abil-
ity to modulate microglia, the primary cellular component of
the innate immune response of the brain. Recently, we found
that microglia derived from APOE4/4-targeted replacement
mice demonstrated a proinflammatory phenotype that in-
cluded altered cell morphology, increased nitric oxide (NO)
production, and higher proinflammatory cytokine produc-
tion, such as tumor necrosis factor-a (TNF-a) and interleu-
kin-6, compared with microglia derived from APOE3/3-tar-
geted replacement mice (Brown et al., 2002; Colton et al.,
2002; Vitek et al., 2009). In addition, apoE exerts antioxi-
dant, anti-inflammatory, antiexcitotoxic, and/or neurotro-
phic properties in an isoform-dependent fashion (Laskowitz
et al., 1997; Aono et al., 2002; Colton et al., 2002). These
properties of apoE, as well as its function in lipid and cho-
lesterol transport, are mediated by specific receptors, such as
the LDL receptors, the low-density lipoprotein receptor re-
lated protein (LRP), and scavenger receptors (Mahley, 1988).

To replicate the bioactivities of apoE holoprotein, a mi-
metic peptide was created from amino acid residues 133 to
149 located in the receptor-binding region of apoE protein
(i.e., COG133, acetyl- LRVRLASHLRKLRKRLL-amide) that
are not associated with the amino acid residues that distin-
guish apoE3 from apoE4. Similar to holo-apoE3 protein,
COG133 inhibits lipopolysaccharide (LPS)-stimulated micro-
glia activation, reduces TNF-a and NO production in vitro
(Laskowitz et al., 2001), and suppresses brain and systemic
inflammatory responses in LPS-injected mice (Lynch et al.,
2003). Likewise, apoE-mimetic peptides retain the ability to
bind LRP1 and other LDL receptors (Croy et al., 2004) and
simulate the neuroprotective effect of apoE protein against
N-methyl-p-aspartate excitotoxicity (Sheng et al., 2008). To
enhance transmembrane permeability, COG133 has been
molecularly modified by fusion with a protein transduction
domain (PTD) derived from Drosophila antennapedia protein
(Antp) to create COG112. This molecular fusion has been
shown to greatly enhance the anti-inflammatory activity of
COG133 in vitro and in vivo by use of an experimental
autoimmune encephalomyelitis model of MS (Li et al., 2006).
Therefore, we hypothesize that COG112, an improved analog
of COG133, may demonstrate therapeutic efficacy in animal
models of peripheral nerve injury by promoting functional
recovery and tissue repair.

Materials and Methods

Experimental Procedures

Sequence and Synthesis of ApoE-Mimetic Peptides. The first
generation apoE-mimetic peptide, COG133, is derived from residues
133 to 149 of human apoE (acetyl-LRVRLASHLRKLRKRLL-amide).
COG112 is a chimeric peptide containing the antennapedia protein
transduction domain RQIKIWFQNRRMKWKKC followed by COG133
(Li et al., 2006), resulting in a sequence of COG112 (acetyl-
RQIKIWFQNRRMKWKKCLRVRLASHLRKLRKRLL-amide). All of
the peptides were synthesized using standard Fmoc chemistries and
purified by NeoMPS, Inc. (San Diego, CA) with a purity of >95%. Before
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use in animal experiments, the bioactivities of all peptides were con-
firmed by use of an in vitro screening model of LPS-induced release of
inflammatory mediators (TNF-a and NO) from a murine microglia cell
line, BV2.

Animal Surgery and Treatments. Eight-week-old female
C57BL/6J mice were purchased from Charles River Laboratories
(Raleigh, NC). The animals were maintained in the animal facility
with controlled temperature and humidity at a 12/12-h light/dark
cycle. Husbandry was in accordance with the Guideline of the Office
of Animal Welfare of the National Institutes of Health with approved
animal protocols by the Institutional Animal Care and Use Commit-
tee of Duke University. Before surgery, animals were anesthetized
by intraperitoneal injection of anesthetic cocktail containing ket-
amine (50 mg/kg) and xylazine (10 mg/kg) and acepromazine (1
mg/kg). The left sciatic nerve at the mid-thigh region was exposed
and crushed for 15 s two times with a 90° rotation between each
crush using a hemostat clamped at the first setting as described
previously (Goodrum et al., 2000). The sham control mice underwent
surgery without crush. The muscle and skin were infused with
antibiotics and then closed with 5/0 nylon sutures.

Immediately after crush surgery, mice were randomly assigned to
one of the following treatment groups: 1) vehicle control, i.e., lactated
Ringer’s buffer; 2) peptide control Antp (1 mg/kg); 3) immediate
treatment COG112 (1 mg/kg); and 4) delayed treatment COG112 (1
mg/kg). With the exception of the delayed treatment group where the
treatment began 1 week after surgery, the other three groups were
treated immediately after surgery by intraperitoneal injection on a
daily basis for 2 weeks. Animals were sacrificed at the end of week 4
for histological and biochemical examination. In time-course exper-
iments, animals were also sacrificed at 1 and 2 weeks after injury.

Functional Analyses

Walking Track Test. The analysis of an animal’s walking pat-
tern by recording its footprints is a widely used method for the
assessment of motor nerve recovery (Bain et al., 1989). Footprints
were recorded in a walking track (7.5 X 100 cm) with a darkened box
at the end of the track. The floor of the corridor was covered with
white paper. The hind paws were dipped in black ink so that they left
paw prints as they walked. At least five consecutive footprints were
taken for each hind paw. From the footprints, the following param-
eters were taken: distance from the third toe to the most posterior
portion of the footprint or the print length; distance between the first
and the fifth toes or the toe spread; and distance from the second to
the fourth toe or the intermediary toe spread). All of the measure-
ments of print length, toe spread, and intermediary toe spread were
taken from both the nonoperated foot (NPL, NTS, and NIT, respec-
tively) and the operated, experimental foot (EPL, ETS, and EIT,
respectively). In the control animals, parameters of the right foot
were compared with those from the left foot. The sciatic functional
index (SFI) was calculated according to the following equation,
adapted by Bain et al. (1989):

EPL — NPL ETS — NTS
SFI = 738.3[7] + 109. [7]

NPL NTS

EIT — NIT
+133| —=—| — 8.8

NIT

where a value of SFI close to zero indicated normal nerve function,
whereas approximately —100 implied total impairment.
Withdrawal Reflex Latency. The nociceptive response to ther-
mal stimulation was assessed using a Plantar test apparatus (model
390; IITC Life Science, Woodland Hill, CA) according to the method
of Hargreaves et al. (1988). Each mouse was placed in a clear plastic
chamber (23 X 18 X 14 cm) and allowed to acclimate for 1 h before
testing. A radiant heat source was positioned under the plantar
surface of the hind paw to deliver a visible light beam at 20% active
intensity. When the animal withdraws the paw, a button is pushed to
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stop the heat source and the time is recorded. To prevent thermal
injury, a cutoff time of 10 s was set. The mean paw withdrawal
latency (in seconds) for the ipsilateral and contralateral hind paws
was determined from an average of three separate measurements,
with an interval of 30 min between consecutive tests to prevent
sensitization phenomena. The difference in latency was calculated by
subtracting the withdrawal latencies for the uninjured hind paw
from the withdrawal latencies for the injured one. A positive “differ-
ence in latency” indicated thermal hypoalgesia, whereas a negative
value implied thermal hyperalgesia.

Morphological Analyses

Another set of animals was used for histological study. The treat-
ment paradigm and grouping are the same as above. Three animals
were randomly selected and sacrificed at week 1, 2, or 4. After
euthanasia, the distal portion of a crushed sciatic nerve was rapidly
excised and immediately immersed in 4% formaldehyde, 2.5% glu-
taraldehyde (Sigma-Aldrich, St. Louis, MO) in 0.1 M phosphate
buffer, pH 7.4, for 12 h at 4°C, keeping the specimen extended and
oriented. After fixation, tissue samples were washed in phosphate
buffer and postfixed for 90 min at room temperature in 1% osmium
tetroxide (OsO,; E.M.S., Hatfield, PA) and then dehydrated starting
in an ethanol series and ending with propylene. Tissue samples were
then embedded in a mixture of resins.

Light Microscopy. Semi-thin transverse sections (2-pm-thick)
were cut at either 2 or 4 mm distal to the site of crush and stained
with toluidine blue on glass slides. Sections were photographed at
600X with a Nikon microscope (TE2000) equipped with a Nikon
digital camera (Nikon, Melville, NY). One section from each series
was randomly selected and used for the morphometric-quantitative
analysis performed using the NIH Imaged software (version 1.40).
For the quantitative analysis, a sampling square field, covering an
area of 0.004 mm?, was randomly positioned onto the selected digital
image. In each sampling field, myelinated nerve fiber profiles were
counted and measured by determining the outer and inner bound-
aries of the myelin sheaths by use of the automatic threshold tool.
We used this method to collect the number of fibers, the fiber area,
axon area, and the circle-fitting diameter of fibers (D) and axons (d).
For each sampling region, we calculated the density of the fibers
(number per millimeter squared, N/'mm?) and the myelin thickness
[(D - d)r2].

Transmission Electron Microscopy. Ultra-thin sections were
cut immediately after the series of semi-thin sections using an Ul-
tratome-III ultramicrotome (LKB, Bromma, Sweden). The sections
were then photomicrographed using a JEM-1010 transmission elec-
tron microscope (JEOL, Tokyo, Japan) equipped with a Mega-View-
IIT digital camera and a Soft-Imaging-System (SIS, Munster, Ger-
many) for the computerized acquisition of the images.

Real-Time PCR

Nerve tissue used for mRNA analysis was extracted using freshly
autoclaved RNase-free surgical tools. Sciatic nerves were excised
from the site of crush to 5 mm distal and placed in RNase-free
Eppendorf tubes containing RNAlater tissue RNA stabilization re-
agent (Qiagen, Valencia, CA) and stored at —80°C. Tissue homoge-
nization was performed in TRIzol reagent (Invitrogen, Carlsbad)
using trituration through 20-G needles. After chloroform extraction,
the aqueous layer was further processed using the RNeasy column
RNA purification kits from Qiagen. Reverse transcription was per-
formed using the High-Capacity ¢cDNA archive kit from Applied
Biosystems (ABI 432271) in an Applied Biosystems 9700HT thermo-
cycler (Applied Biosystems, Foster City, CA). Reverse transcriptase
reactions were run at 25°C for 10 min, followed by 2 h at 37°C.
Real-time PCR was performed using the TagMan Gene Expression
Assay Kit (Applied Biosystems) according to the manufacturer’s
instructions. In brief, cDNA samples (100 ng, based on the original
RNA concentrations) were brought to a total volume of 22.5 pl using

RNase-free water and mixed with 25 pl of 2X TagMan Universal
Master Mix and 2.5 pl of the respective 20X TagMan Gene Expres-
sion Assay primers. Target amplification was performed in 96-well
plates using a real-time sequence detection system instrument (ABI
PRISM 7300HT; Applied Biosystems). The PCR thermal cycling
conditions included an initial 10-min hold at 95°C to activate the
AmpliTaq Gold DNA polymerase (Applied Biosystems), followed by
40 cycles of denaturation (15 s at 95°C) and annealing/primer exten-
sion (1 min at 60°C). The data from the real-time PCR experiments
were analyzed using the 2742¢* method, which allows for the calcu-
lation of relative changes in gene expression. For this method, the
threshold cycle number (Ct) is normalized using a housekeeping
gene (18S rRNA), calibrated to the control samples, and the result
was used as the exponent with a base of 2 to determine the fold
change in gene expression. Primers for these experiments were pur-
chased from Applied Biosystems.

The Applied Biosystems identification number for each gene used
is 18S (human eukaryotic 18S rRNA): Hs99999901_s1; growth-asso-
ciated protein 43 (GAP-43) (murine growth-associated protein 43):
MmO00500404_m1; and peripheral myelin protein zero (P0) (murine
myelin protein zero): Mm00485139_m1. The information on exact
primer sequences is available through the Applied Biosystems Web
site.

Western Blotting

At 4 weeks after crush, sciatic nerves were excised from the site of
crush to 5 mm distal. Nerves were extracted in lysis buffer contain-
ing a cocktail of proteinase and phosphatase inhibitors using a glass
homogenizer. Protein lysate samples (30 ug) were resolved on 12.5%
SDS-PAGE gels and transferred by electrophoresis to nitrocellulose
membranes. The membrane was blocked at room temperature in
PBS buffer containing 0.1% Tween 20 and 5% nonfat dried milk.
Successively, the filters were cut, and the top was incubated over-
night at 4°C alternatively with rabbit polyclonal antibody PO
(ab31851; Abcam Inc., Cambridge, MA) or rabbit polyclonal GAP-43
antibody (ab7462; Abcam Inc.). In parallel, the bottom filters were
incubated with a primary rabbit polyclonal anti-a-tubulin antibody
(ab59680; Abcam Inc.). Protein bands were detected using Li-Cor
brand secondary fluorescent antibodies and visualized on the Li-Cor
Odyssey infrared imaging system (LI-COR Biosciences, Lincoln,
NE). The levels of protein expression for PO, GAP-43, and a-tubulin
were calculated by measuring the peak densitometric area of the
image acquired with a Li-Cor Scanner using Odyssey 2.1 software.
To ensure that the fluorescent bands were in the linear range of
intensity, different exposure times were used. The mean control
value within a single experiment was set to 100, and all the other
values were expressed relative to this control. Values of controls from
different experiments were all within 10%.

LDL Uptake by Schwann Cells and Peritoneal
Macrophages

S16 rat Schwann cell line was purchased from the American Type
Culture Collection (ATCC, Manassas, VA) and grown in DMEM/10%
FBS (Invitrogen). Cells were trypsinized and plated at a density of
2 X 10° per 12-mm poly-D-lysine-coated glass coverslip and allowed
to adhere overnight. Cells were treated with 2 pg/ml Dil (3,3'-
dioctadecylindocarbocyanine)-acetylated human LDL (Kalen Bio-
medical, LLC, Montgomery Village, MD) with or without 0.5 pM
COG112 and COG133 peptides or controls for 4 h. After treatment,
the coverslips were washed with 0.2 M acetic acid, pH 2.5, for 10 min
to remove excessive extracellular labeled LDL. Coverslips were
rinsed in PBS and fixed for 20 min in 4% formaldehyde/PBS before
blocking for 30 min at room temperature in blocking buffer (10%
normal goat serum/1% bovine serum albumin/0.1% Triton X-100).
Coverslips were incubated overnight at 4°C with mouse anti-myelin-
associated glycoprotein (mab1567; Millipore Corporation, Billerica,
MA) diluted 1/10 in blocking buffer. Nuclei were labeled with



Hoechst dye 33342 before mounting in Vectashield Hard Mount
(Vector Laboratories, Burlingame, CA). Images were quantified us-
ing ImagedJ software.

DRG Culture

Isolated primary rat DRG from P2 Sprague-Dawley rat pups were
mechanically dissociated with use of an 18-gauge needle before re-
suspending in culture media (DMEM/Neurobasal A, 1X B27 supple-
ment, 0.5% FBS, penicillin/streptomycin, 10 ng/ml NGF). Cells were
plated at 2 X 10° per 12-mm poly-D-lysine-coated glass coverslip.
Treatment compounds were immediately added, and medium/com-
pound was refreshed daily for 3 days. On day 3, coverslips were
rinsed with PBS, fixed for 20 min with 4% formaldehyde in PBS, and
blocked for 30 min (10% normal goat serum/1% bovine serum albu-
min/0.1% Triton X-100). Cells were stained overnight at 4°C with
rabbit anti-neuron-specific beta III tubulin (ab18207; Abcam Inc.).
ABC Elite horseradish-peroxidase kit (Vector Laboratories) was
used to detect secondary biotinylated antibody and developed with
3,3’-diaminobenzidine (Vector Laboratories). Analysis was per-
formed with use of Image-Pro Plus software (MediaCybernetics, Inc.,
Bethesda, MD).

Statistical Analyses

The data were analyzed using Prism (GraphPad Software, Inc.,
San Diego, CA). Two-way analysis of variance (ANOVA) was used to
compare the behavioral, histological, and biological changes among
treatment groups over time. One-way ANOVA was used to compare
the means of the cell culture treatment groups. The data presented
in graphs represent the mean = S.E.M. (error bar).

Results

COG112 Promotes Functional Recovery in Mobility
and Pain Sensation. Immediately after the acute compres-
sion injury, the crushed areas of all sciatic nerves were flat-
tened; however, nerve continuity was not grossly inter-
rupted. All animals demonstrated complete flaccid paralysis
of the operative foot following crush injury. A variety of
methods have been used to assay animal motor function and
neural tissue repair after sciatic nerve injury. Footprint anal-
ysis is a widely used, noninvasive, and quantitative method
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that measures relationships between toes and feet of the
animal’s hind limb as expressed by an SFI (Bain et al., 1989).
A value of SFI close to zero indicates normal nerve function,
and a value of —100 implies total impairment. After crush
injury, SFI of a vehicle control group (n = 10) decreased to
92.5 £ 8.9 at 1 week and then recovered progressively until
the end of the experiment (data not shown). After 2 weeks,
COG112 treatment had a significant effect (approximately
10% improvement) on the motor function of injured animals
as revealed by an SFI score in comparison to vehicle control
(p < 0.01) (Fig. 1A). In contrast, the control peptide Antp,
which is the prefix peptide PTD of COG112, did not show a
beneficial effect.

Because the treatment started immediately after crush
injury, COG112 may also act in a therapeutic manner to
prevent the secondary degeneration that follows the primary
injury. To investigate whether COG112 exerts a therapeutic
effect on secondary degeneration, a post-treatment paradigm
was adopted. Animals were treated starting on day 8 after
crush when Wallerian degeneration was mostly completed
(Boyles et al., 1989; Goodrum, 1991). As shown in Fig. 1A,
delayed treatment with COG112 also significantly improved
recovery in motor function at the end of week 2 compared to
vehicle controls, and there was no significant difference com-
pared with the group with immediate COG112 treatment. It
should be emphasized that the animals in the delayed treat-
ment group received daily treatment for only 1 week,
whereas the immediate treatment group was treated daily
for 2 weeks. These data indicate that COG112 not only exerts
a neuroprotective effect but also delivers a therapeutic effect
to the injured peripheral nerves.

Sciatic nerve injury is usually accompanied with neuro-
pathic pain (Ji and Suter, 2007). p38 Mitogen-activated pro-
tein kinase and TNF-a from macrophage/microglia play a
significant role in the development of neuropathic pain states
(Wagner and Myers, 1996; Ji and Suter, 2007). Because
COG112, as well as other apoE-mimetics, potently inhibit
microglia activation and inflammatory cytokine release both

W
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- Antp
- COG112

Difference in latency (sec)

Weeks after crush

Fig. 1. COG112 treatment promotes motor and sensory recovery in mice following sciatic nerve crush. C57BL/6J female mice received IT by daily
intraperitoneal injection of vehicle, negative control peptide Antp (1 mg/kg), or COG112 (1 mg/kg) for 2 weeks. Another group of animals received DT
with COG112 (1 mg/kg) in which treatment was not started until day 8 (1 week after injury) and treatment continued for 2 weeks (weeks 2 through
3). A, comparison of SFI among treatment groups 2 weeks after injury. Footprints were recorded by dipping the hind paws in black ink and allowing
them to walk in a confined walkway lined with white paper on the bottom. SFI is calculated using the formula as described under Materials and
Methods. Animals received IT or DT of COG112, and both significantly improved SFI score compared with vehicle or Antp negative-control group (+*,
p < 0.01). There is no significant difference between the IT and DT groups. B, pain sensation was measured by Plantar test apparatus using
Hargreave’s method and expressed as difference of paw withdrawal latency (in seconds) from the injured side and the noninjured side of each
individual animal. Only the group receiving COG112 (1 mg/kg for 2 weeks intraperitoneally) significantly recovered from pain sensation following
sciatic nerve injury compared with vehicle controls (+, p < 0.05). The experiment was repeated three times, and the results were consistent.
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in vitro and in vivo (Lynch et al., 2003; Li et al., 2006), we
conducted experiments to determine whether COG112 mod-
ulates pain after sciatic nerve injury. The nociceptive re-
sponse to thermal stimulation was assessed weekly for 2
weeks with use of a Plantar test apparatus according to the
method of Hargreaves et al. (1988). The latency of paw with-
drawal response was measured from both hind limbs (injured
side and noninjured side), and the difference in paw with-
drawal latency was calculated by subtracting the latency of
the injured side from that of the noninjured side. Crush
procedure induces an evident pain sensation after injury that
persists for at least 2 weeks in the vehicle control group. As
shown in Fig. 1B, treatment with COG112 significantly low-
ered the thermal threshold at week 2 compared with the
vehicle group (P < 0.05), even though it did not counteract
the injury-induced neuropathic hyperalgesia at 1 week.
These data together suggest that the apoE-mimetic COG112
was able to promote functional motor and sensory recovery
after peripheral nerve injury.

COG112 Treatment Significantly Promotes Axonal
Regeneration and Remyelination In Vivo. The presence
of functional recovery usually indicates histological repair.
To investigate whether COG112 treatment affected the pro-
cess of axon regeneration and remyelination, three animals
from each group were randomly selected for histological ex-
amination of sciatic nerves at different time points, i.e., 1, 2,
and 4 weeks after surgery. Figure 2A demonstrates a normal
appearance of the sciatic nerve from sham control animals,
with small and large diameter myelinated fibers regularly
distributed. One week after crush injury, most of the myelin-
ated and unmyelinated fibers were undergoing severe dys-
trophy in all animals, regardless of treatment. However, in
COG112-treated animal, there were still some myelinated
axons as shown in Fig. 2D. Two weeks after nerve crush,

early axonal regeneration and myelination were evident in
all treatment groups, but there were myelinated axon fibers
in the COG112-immediate treatment group (Fig. 2H),
whereas there were more debris-loaded macrophages in both
vehicle and control peptide (Antp)-treated animals. Four
weeks after injury, axonal regeneration became more ad-
vanced as depicted in Fig. 2, I to L. Although recovery had not
achieved the level of the sham control, immediate treatment
with COG112 (COG112-IT) demonstrated the most advanced
state of axonal regeneration at 2 and 4 weeks after injury. As
shown in Fig. 2, H and L, larger diameter axons with lower
fiber densities and thicker myelin sheaths were found in this
treatment group compared with the other groups. Delayed
treatment with COG112 (COG112-DT) shows similar regen-
erative improvements such as COG112-IT but does not ap-
pear to be as effective. Both treatments, however, were im-
proved compared with either vehicle or Antp-treated control
animals.

To quantify the extent of axonal regeneration and myeli-
nation between control groups and COG112-treated groups,
we carried out a morphometric analysis of myelinated fibers
at 1, 2, and 4 weeks after nerve crush. The number of my-
elinated axons was counted in each microscopic field of 400
um? (20 X 20 pm). One week after sciatic nerve injury, the
distal segments 2 mm from the crushed site displayed almost
complete degeneration, as shown by >98% reduction in axon
density in the vehicle control group compared with the sham
control (Fig. 3A). To some extent, immediate treatment with
COG112 preserves some axons from degeneration within the
1st week, as shown by the approximately 2-fold higher axon
density in the COG112 group compared with vehicle controls
(p < 0.01; Fig. 3A). Two weeks after injury, the density of
axonal fibers in all treatment groups is dramatically in-
creased, with axon density in the COG112-IT group being
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2 wk

1wk 2 wk

Fig. 3. Major parameters of axon maturation in sciatic nerves 1, 2, or 4 weeks after injury. A, the numbers of myelinated axons were counted in each
field of 0.004 mm?. B and C, both the axon (inner circle, B) and fiber (outer circle) diameters were measured using the NIH Imaged software, and the
myelin thickness (C) was calculated. Data are presented as mean *+ S.E.M. Multiple group comparison was conducted by one-way ANOVA followed
by post-hoc Newman Keuls Multiple Comparison Test with use of Prism software (version 5). *, p < 0.05; #*, p < 0.01; *+x, p < 0.001. COG112(D),
delayed treatment with COG112; COG112(I), immediate treatment with COG112.

4 wk 1wk

significantly higher than the other groups, including the
COG112-DT group (Fig. 3A). However, the animals in
COG112-DT group received COG112 treatment for a total of
only 1 week at the end of 2 weeks after crush and, thus,
represents only half of the treatment duration as that of the
other groups. Compared with almost complete degeneration
at 1 week after injury, the robustly increased axon density at
2 weeks indicates an axonal regeneration occurrence be-
tween 1 and 2 weeks, and treatment with COG112 seems to
promote this regeneration (p < 0.01, COG112-IT versus ve-
hicle group; Fig. 3A).

As depicted in Fig. 2, newly regenerated axons are also
characterized by smaller fibers, i.e., smaller axon diameters
compared with normal axons (Fig. 3B). By inspection and
measurement at 2 weeks, the axon diameter in the
COG112-IT group is significantly larger than that of other
groups, suggesting a more mature status of axon regenera-
tion in response to COG112 treatment at this time point.
However, there is no difference in myelin thickness among all
treatment groups at this moment (Fig. 3C). Four weeks after
sciatic nerve injury, there was a significant increase in the
numbers of myelinated axons in all of the treatment groups.
However, in the COG112-IT group, there was a significantly
lower axon density with a higher axon diameter, indicating a
more matured axonal regeneration (Mazzer et al., 2008).
Even in the COG112-DT group, the mean axon diameter is
significantly larger than either the vehicle control or Antp
control group (p < 0.001; Fig. 3B). As depicted in Fig. 3C, the
most significant change at 4 weeks is that COG112 treat-
ment potently increased the myelin thickness compared with
the control groups (p < 0.001). Taken together, COG112
robustly boosts both axonal regeneration and remyelination.

COG112 Increases GAP-43 and P0 Gene Expression
and Protein Synthesis in Sciatic Nerve after Injury. In
addition to the histological evidence shown above, we mea-
sured the levels of GAP-43 and PO, biomedical markers of
regeneration and remyelination, respectively. GAP-43 is an
intracellular growth-associated protein mostly expressed in
the growth cone of axons that appears to assist axonal path-
finding and branching during development and regeneration
(Denny, 2006). Therefore, GAP-43 has been considered to be
a good marker of axonal growth. PO is the main myelin
protein of peripheral nerves and represents 50 to 70% of total
myelin protein. The 28-kDa glycoprotein is only expressed in
myelinating Schwann cells and is not expressed in nonmy-
elinating Schwann cells or central nervous system glia (Gar-
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bay et al., 2000). Therefore, the level of PO protein is clearly
associated with remyelination following sciatic nerve crush
(Song et al., 2006).

We used real-time PCR to measure the levels of GAP-43
and PO in isolated sciatic nerves at specific time points after
injury. The effects of immediate treatment with COG112 for
2 weeks were then compared with vehicle and Antp-only
controls at the same time points. GAP-43 mRNA levels were
increased by 1 week after injury under all conditions. How-
ever, by 2 weeks of treatment, COG112 robustly augmented
the expression of GAP-43 (Fig. 4A, p < 0.001 compared with
vehicle and Antp controls). In contrast, gene expression of PO
in the distal segment was reduced significantly at 1 week
after sciatic nerve injury in all groups. Similar to GAP-43, 2
weeks of treatment with COG112 resulted in a significant
increase in PO mRNA levels (Fig. 4B). Treatment was then
stopped, and mRNA and their corresponding protein levels
were measured after 2 additional weeks (2 weeks of treat-
ment plus 2 weeks of recovery, 4 weeks total). Cessation of
treatment after 2 weeks followed by an additional 2 weeks of
recovery resulted in decreased mRNA for GAP-43 in
COG112-treated mice by 4 weeks after injury (Fig. 4A). How-
ever, protein levels for GAP-43 remained elevated at this
same 4-week time point (Fig. 4C). PO mRNA and protein
levels remained elevated throughout the additional 2 weeks
compared with both of the control groups (Fig. 4, B and D).

The protein level of GAP-43 and PO was quantified by
Western blotting 4 weeks after injury. As depicted in Fig. 4,
C and D, the protein level of both GAP-43 and PO in the
COG112 treatment group is significantly higher than that of
animals receiving vehicle or Antp treatment. Thus, the
changes induced by treatment persisted for at least 2 addi-
tional weeks after cessation of COG112 treatment.

COG112 Promotes Axon Growth in Primary DRG
Cultures. Primary DRG culture is a frequently used in vitro
model for investigation of various agents on neurite out-
growth and/or neuroregeneration. To further confirm the ef-
fect of COG112 on axon regeneration seen in whole animals,
primary DRG cultures from P2 Sprague-Dawley rat pups
were treated with COG112 (0.1 nM), Antp (0.1 pM), COG133
(1 pM, not shown), or NGF (2.5S, 200 ng/ml) for 5 days.
Figure 5, left, shows that COG112 significantly stimulates
axonal elongation, which is comparable with that of NGF-
treated cultures. Axonal length (the longest axon of each
neuron) was measured using Image-Pro Plus software, and
the quantitative data are presented in the right panel. Both
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Fig. 4. COG112 treatment increases gene
expression of GAP-43 and PO by real-time
PCR (A and B) and protein synthesis by
Western blotting (C and D). Sciatic nerve
crush was conducted on C57BL/6 mice on
day 0. The animals received treatment
with COG112 (1 mg/kg) or Antp (1 mg/kg)
or vehicle control by intraperitoneal injec-
tion immediately after crush injury and
then followed by daily dosing. Animals
were sacrificed on day 3, 7, 14, or 28 for
real-time PCR examination of GAP-43 (A)
and PO (B) gene expression. Each time
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point represents the mean * SEM. (n =
3-9) after normalization with 18S rRNA.
Two-way ANOVA resulted in a significant
effect of treatment (P < 0.05). The results
of the post-hoc Tukey-Kramer test are in-
dicated as follows: *, p < 0.05; =%, p <
0.001 versus vehicle control. C and D, pro-
tein synthesis of GAP-43 (C) and PO (D)
after treatment for 2 weeks (first 2 weeks)
and after 4 weeks after crush injury by
Western blotting. Eight mice were used for
each group. Because of the small size of
sciatic nerve, two of them from the same
treatment group were combined to obtain
enough lysate protein for Western blotting.
The columns represent the means =
S.EM. (n = 4) after normalization with
a-tubulin. One-way ANOVA resulted in a
significant effect of treatment (p < 0.001)
and by post-hoc Tukey-Kramer test: NS,
not significant; *#, p < 0.01; ##*, p < 0.001
compared with vehicle control.
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growth from cultured DRG neurons. Left, the
representative examples of primary DRG
neurons from P2 Sprague-Dawley rat pups
after treatment with either COG112 (0.1 pM)
or Antp (0.1 pM), COG133 (1 uM, not shown)
or NGF (2.5S, 200 ng/ml) for 5 days. On day 5,
cells on coverslips were stained overnight
with primary antibody TUJ1 (Abcam Inc.),
followed by secondary antibody for 1 h (Alexa
Fluor 488; Invitrogen). Axonal length (the
longest axon of each neuron) was measured
using Image-Pro Plus software, and the
quantitative data were presented in adjacent

Antp NGF200ng/ml
COG112 and NGF-treated cultures bear significantly longer
axons compared with untreated cultures (p < 0.001),
whereas COG133 mildly enhances the neurite extension (p <
0.05). These data indicate that apoE-mimetics exert neuro-
trophin-like effects on axon growth in primary DRG cultures.
COG112 Increases Uptake of LDL by Schwann Cells.
Schwann cells are the myelinating cells in the peripheral
nervous system. Because we have found that COG112 po-
tently promotes remyelination of sciatic nerves after crush
injury, we postulate that COG112 may partially enhance
Schwann cell-mediated repair through an increased supply of
cholesterol and lipids, which are required for efficient remy-
elination. First, cross-sections of sciatic nerve 2 mm distal to
the injured site were examined by electron microscopy at 2
weeks after injury. As depicted in Fig. 6, although there is no

graph. The columns present axonal length as
means = S.E.M. ANOVA analysis followed
by post-hoc Newman Keuls test was used to
compare the differences among groups. NS,
not significant; *, p < 0.05; #++, p < 0.001
versus control.

visible difference in myelin thickness between vehicle or
COG112-treated animals, there are obviously more Schwann
cells intensively loaded with lipid droplets in the COG112-
treated animals compared with their vehicle controls, sug-
gesting that COG112 can facilitate the uptake of myelin
debris by Schwann cells. Because apoE has been associated
with the recycling and reutilization of myelin debris (Boyles
et al., 1989; Goodrum, 1991), these current data indicate that
apoE-mimetic peptide may replicate this aspect of apoE holo-
protein function.

To further confirm the uptake seen in the crush model of
regeneration, we investigated the effect of apoE-mimetics
on the uptake of LDL by the S16 Schwann cell line. As
demonstrated in Fig. 7, COG112 specifically and dramat-
ically increases the uptake of acetylated human LDL by



Fig. 6. Electron microscopic photographs of sciatic nerves 2 weeks after
injury. A, vehicle control mouse. B, COG112-IT mouse. Although remy-
elination had started and there is no clear difference between these two
groups at this point in time, there are clearly more macrophages loaded
with lipid droplets (arrows) in COG112-treated animals. Three animals
were examined from each group, and similar results were observed in
each case. Magnifications: 3000X.

S16 Schwann cells compared with either PBS control or
the mixture of COG113 and Antp (p < 0.001). It is surpris-
ing that COG112 does not affect the uptake of LDL by
peritoneal macrophages. Although clearance of axonal and
myelin debris has been attributed to the cooperative ac-
tions of both macrophage and Schwann cell following Wal-
lerian degeneration, Schwann cells are capable of substan-
tial myelin degradation unaided by macrophages as
demonstrated by Fernandez-Valle et al. (1995). Given that
acetylated LDL contains a substantial amount of choles-
terol and lipids, increased uptake of LDL by COG112 may
facilitate the supply of cholesterol and lipids for regener-
ative Schwann cells where both are required for myelin
reconstruction. Thus, enhanced uptake of LDL by COG112
may be important for clearing the inhibitory debris and to
allow subsequent regeneration.
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Discussion

The robust relationship between apoE and peripheral
nerve degeneration/regeneration was established over 20
years ago, making apoE an ideal candidate as a therapeutic
target for the treatment of peripheral neuropathy (Skene and
Shooter, 1983; Boyles et al., 1989; Nathan et al., 1994). Until
now, this concept has not been successfully translated into a
therapeutic approach. Our data strongly suggest that an
apoE-derived mimetic strategy can potentially stimulate
both axon regeneration and remyelination, as well as pro-
mote functional recovery following peripheral nerve injury.
The strategy circumvents the problems of apoE as a large
protein that does not readily cross the blood-brain barrier.
Furthermore, molecular modification to the original apoE-
mimetic peptide (COG133) by fusion with a PTD results in
significantly improved permeability of the blood-brain bar-
rier and enhanced bioactivities both in vitro and in vivo (Li et
al., 2006; Singh et al., 2008).

The therapeutic efficacy of apoE-mimetics has been pre-
viously demonstrated in multiple animal models of a vari-
ety of neurological disorders, including TBI, MS, and sub-
arachnoid hemorrhage (Lynch et al., 2005; Gao et al., 2006;
Li et al., 2006). These beneficial effects are mostly associ-
ated with its neuroprotective activities. In the present
study, immediate treatment with COG112 rendered better
tissue protection by 2 weeks after injury compared with
delayed treatment in which the treatment was not initi-
ated until complete degeneration had developed (by 1 week
after injury). Therefore, the overall outcome of COG112
treatment may come from a combination of both neuropro-
tective and neuroreparative effects.

Multiple mechanisms may be involved in the neuroprotec-
tive effect of apoE-mimetics. It has previously been shown

0.5uM COG112

P<0.001
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Fig. 7. ApoE-mimetic COG112 enhances the uptake of acetylated LDL by Schwann cells in vitro. Top row, S16 rat Schwann cell line was grown in
DMEM/10% FBS (Invitrogen) at a density of 2 X 10° per 12-mm poly-D-lysine-coated glass coverslip. Bottom row, peritoneal macrophages were
collected from adult Sprague-Dawley rats through peritoneal lavage. Cells were treated with 2 pg/ml Dil-acetylated LDL (Kalen Biomedical, LLC)
with or without 0.5 pM COG112 and COG133 peptides or control for 4 h. The coverslips were washed with 0.2 M acetic acid to remove excessive
extracellular labeled LDL. After fixation for 20 min in 4% formaldehyde/PBS, the cell structure was visualized by labeling with myelin-associated
glycoprotein antibody for S16 or Mac-2 for macrophages with Hoescht dye 33342 for nuclei. Images were captured with Nikon Ti-S inverted microscope
equipped with Nikon DS-Qil monochrome quantitative camera. The uptake of LDL was quantified by measuring the fluorescence intensity of Dil (in
red) within the cytoplasm using NIS-Elements software (Nikon Instruments Inc., Melville, NY). COG112 treatment resulted in significantly greater
uptake of acetyl-LDL by Schwann cells than by macrophages. Statistical analysis was conducted with GraphPad Prism software. Magnification: 400X.
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that the apoE-mimetic COG133 is anti-inflammatory in na-
ture and can improve outcome following TBI (Lynch et al.,
2005; Laskowitz and Vitek, 2007). Our second generation
mimetic, COG112, was found to be more potent in anti-
inflammatory activity, and a large part of the neuroprotec-
tive properties of COG112 may be mediated via this mecha-
nism (Li et al., 2006; Singh et al., 2008). Because acute
inflammatory responses are generally considered to be ben-
eficial in nerve injury due to the requirement for recruiting
macrophage to the injured site to clear degraded debris, the
use of an anti-inflammatory may seem paradoxical. However,
sustained chronic inflammation is detrimental for the func-
tional recovery following peripheral nerve injury (Kato et al.,
2002; Gaultier et al., 2008). Peripheral nerve injury and
neuropathic pain are associated with changes in proinflam-
matory cytokine expression in the superficial dorsal horn of
the spinal cord (Ji and Suter, 2007). In peripheral nervous
system injury, TNF-a plays a principal role in orchestrating
many of the events involved in Wallerian degeneration and
sensitizing nociceptors (Sorkin et al., 1997). In fact, neuro-
pathic pain states have been modeled by direct administra-
tion of TNF-a into uninjured sciatic nerves (Wagner and
Myers, 1996). Given that COG112 is one of the most potent
apoE-mimetics in reducing TNF-a production, inhibition of
TNF-a may be instrumental for the ability of COG112 to
attenuate the pain response following sciatic nerve crush, to
preserve Schwann cells, and to promote tissue repair (Kato et
al., 2002; Gaultier et al., 2008). Another protective mecha-
nism is related to glutamate excitotoxicity. Both apoE pro-
tein, as well as its mimetic peptide COG133, can prevent
primary neurons from excitotoxicity-induced calcium influx
and subsequent cell death (Aono et al., 2002, 2003) through
binding to the low-density lipoprotein receptor-associated
protein (Sheng et al., 2008). A similar protective effect of
COG112 was recently validated by our laboratory (F.-Q. Li
and L. Chen, manuscript in preparation).

Beyond neuroprotection, this study presents a novel
property of an apoE-mimetic in neurorestoration, includ-
ing neuroregeneration and remyelination. In the present
study, we show three lines of evidence indicating enhanced
regeneration and remyelination by COG112 in a sciatic
nerve crush model. Histological staining revealed 1) in-
creased axon density at 2 weeks after crush and increased
axon diameter and myelin thickness at 4 weeks after
crush; 2) increased gene expression (by real-time PCR) and
protein synthesis (by Western blotting) of biomarkers of
regeneration and remyelination, i.e., GAP-43 and PO, re-
spectively, following treatment with COG112; and 3) en-
hanced axon extension in primary DRG cultures. COG112
dose-dependently promotes axonal elongation, similar to
the effect of NGF (Fig. 5), suggesting that apoE-mimetics
may possess neurotrophin-like activity. It has been known
that apoE protein exerts neurotrophic effects in an iso-
form-dependent manner, i.e., apoE3 is more efficient than
apoE4 in promoting neurite outgrowth (Nathan et al.,
1994). There is already direct evidence that apoE-
containing lipoproteins can influence both lipoprotein up-
take as well as neurite outgrowth in vitro (Handelmann et
al., 1992). ApoE also binds to and potentiates the biological
activity of ciliary neurotrophic factor (Gutman et al.,
1997). From these reports, it seems clear that apoE has
important functions in maintaining neuronal integrity and

survival. The present study, for the first time, shows that
apoE-mimetic peptides exert a neurotrophic effect similar
to that of apoE holoprotein. It is noteworthy that apoE-
mimetic peptides retain binding affinity to LRP1 (Croy et
al., 2004). Most recently, a shed form of LRP1 was found to
promote functional and histological recovery from periph-
eral nerve injury (Gaultier et al., 2008). We hypothesize
that binding to LRP may be instrumental for the neuro-
trophic effect of COG112 seen in this study.

ApoE-mimetics may also contribute to a more permissive
environment that allows axonal regeneration and remyelina-
tion at the injury site. After a denervating crush injury, large
amounts of lipid are released from degenerating axon mem-
branes and myelin. Much of the cholesterol from these mem-
branes becomes associated with lipoproteins containing apoE
and is stored by cells in the nerve bundle for reuse during
regeneration (Goodrum, 1991). Thus, during nerve degener-
ation and regeneration, apolipoproteins, such as apoE and
apoA-I, and the LDL receptor could play a role in facilitating
cholesterol movement both into and out of cells (Goodrum et
al., 2000). In support of this hypothesis, apoE was found to be
the most highly expressed protein following sciatic nerve
injury (Boyles et al., 1989), which is spatially and temporally
matched with the process of axonal regeneration (Skene and
Shooter, 1983; Miiller et al., 1985). Once regeneration is
complete, apoE levels decline (Miiller et al., 1985). Together,
these data suggest that apoE may play an essential role
during axonal regeneration by facilitating the clearance of
myelin debris and enhancing reutilization of cholesterol and
lipids.

In the peripheral nervous system, clearance of axonal and
myelin debris has been attributed to the cooperative actions
of two cell types, the indigenous Schwann cells and the mac-
rophages recruited to the regions of tissue damage (Fernan-
dez-Valle et al., 1995). Electron-microscopic examination
showed that numerous lipid droplets from axon and myelin
degeneration had already accumulated within Schwann cells
and macrophages by 3 days after injury (Boyles et al., 1989).
Although macrophages are thought to play an important role
in myelin degradation during Wallerian degeneration, there
is also evidence that Schwann cells carry out degradation of
short myelin segments and proliferate without macrophage
assistance during Wallerian degeneration (Fernandez-Valle
et al., 1995). Thus, Schwann cells not only function as mye-
lin-ensheathing cells but also may act like macrophages. In
contrast, cholesterol from degenerating myelin that is sal-
vaged by macrophages needs to be resupplied to myelinating
Schwann cells with the assistance of lipoproteins, including
apokE. It is likely that enhanced uptake of lipid and choles-
terol directly by Schwann cells might be a more efficient way
for myelin to be reconstructed. Thus, the increased LDL
uptake observed with COG112 treatment suggests that
COG112, as a mimetic of apoE, does replicate the function of
its holoprotein. Specifically, COG112 increases the uptake of
LDL by Schwann cells, providing an interpretation for the
enhanced remyelination following COG112 treatment in the
whole animal model of peripheral nerve injury.

The mechanism governing how apoE-mimetics affect lipid
uptake specifically by Schwann cells will require further
studies to be determined. However, most recent evidence
points to LRP1. LRP1 is identified to be the essential receptor
for myelin phagocytosis and a mediator of apoE-dependent



neurite outgrowth (Gaultier et al., 2008; Gaultier et al.,
2009). Consistently, our preliminary data show that the LRP
inhibitor lactoferrin can block the effect of COG112 on LDL
uptake by Schwann cells (data not shown here).

In summary, the current study presents a proof of principle
that apoE can be a putative target for designing therapeutic
interventions for peripheral nerve injuries. The mimetic pep-
tide strategy translates the concept into a potential therapy
with demonstrated neurorestorative activities by promoting
axonal regeneration and remyelination. These properties are
most desirable for a satisfactory functional recovery for pe-
ripheral neuropathy.
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